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EXPERTIMENTATION MANUAL
PART I: EXPERIMENTATION METBODOLOGY
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D. R. Barr
G. K. Poock
®. R. Richards

A. INTRODUCTION
The ACCAT ?roject has two broad objectives: technology

transfer and specification development. Acnievement of these
objectives, even over selected segmenis of the €2 arenma, will
require a wicCe spectrum of activities and eguipmsnts. 1In all
cases, the goal is to obtain information useful to the C2
community, whose members range from the engineers aand designers
of hardwars and software to the operational users cf these assets.
In order to e useful, this iaformation, in the form of reports,
recommendations and demonstratiOns frem ACCAT, must be as accurate
as possible within the experimentation resource constraints.
roreover, the informaticn must be credible, and the quslity
{confidence level) ci the results should be reasonably well

established.
The breadth of this undertaking, in terms of the diverse

technologies and equipments, large number of users with widely

varying interests and responsibilities, diverse {(and somatimes

competing) goals and nmeasures, implies that careful planning and
1l
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development of experiments in support of the ACCAT objectives is
essential. The aforementioned breadth notwithstanding, there
are many general features of the proposed experiments that are

common to a large segment of the total experimentation effort.

In what follows, we discuss several such features, first in very
general terms, and later in terms of a number of broad technology

areas.

This report is an outgrowth of work performed by the

authors in ccnnection with experimentation support to the ACCA?

= facility at NOSC in San Diego, Califorria. Several —elated
reports are listed at the end of this report (References 1 and 2).

A glossary of statistical terms used in this repcert is included

sy
ey

ir Section H.

S

=)

Z B. EXPERIMENTATIOGN COXNCEE

1. ILevels of experimentaticn.

et

The cdegree of formalism in an experiment can fall anvwhere
on the continuum between very loose “free pilay™ with only sub-
jective judgment output to “"highly structured®™ with compiete
specification of coancduct of trials and output comsisting of
=5 carefully measured system attributes. It is convenient to identify €
£our brecad bands of experimentation formalism; from least structured

to most structured, they are:
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a. Validation Experiments
"Experiments™ consisting essentially of debugging soft-

ware or hardware implementation of a technology. The output

of such activities, also sometimes called ®"validstion trials”

is a determinatior of feasibility of the system to work to

within fixed specifications. Frequently, another output that

is desired is improvement or enhancement of the system under
trial. An example of this type of experiment is exercising
and debugging a computer preogram prior to placing it "on line”

for operaticnal testing or (later) use.

b. Demonstration Experiments
The term "demonstration™ actually refers to the type of

output ("report™) from the experiment. Such experiments are

frequently quite loosely structured, and output consists
mostly of personal impressions in the minds of the users
of the system under demonstration and outside observation
of the trials. Such experiments may be somewhat more

structured than the validation experiment, in that a scenario

is followead or a set of activities is performed during the

demonstration.

c. Assessment Experiments
Experiments in which trials are conducted over possibly a

very wide range of conditions, with perhaps iittle control

cver sources of error. The goal is to gain an idea of

how well the object of éxperimentation works, as judged
in broad terms. FPreguently, osnly subjective opinions of

experimentcrs and chservers are recorded as experimentation
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d. Evaluation Experiments :

This is the most rigorous type of experiment, with care-
ful control of experimentasl conditions, with possibly a number :
of replications, usually foilowed by a formal inalysis of

numerical measurement data.

PP CRUSITLLT IR

While many experiments will exhibit properties of several

*an

of these classifications, it is useful to adopt common terminology

conveying, at least in general terms, the degree of formalism of

.
Lxt % asdswe _arie

each given experiment. It is probable that the more formalized
type of experiments will be appropriate for answering narrower, :

more technically oriented questions; these might be described

Rl

as “engineering questions.® The broader, “looser™ prcblems will

probably be apprcached using the less formal types of experiments;

BT e

iiisda gy

many of these experiments could be described as concerning

Toperational guestions.”

Ay
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2. Scope of Experiment

It is important to be selective about the factors, ;

3 variablies and conditions which are to be included in the

]
. e B DA i T
TPPIY £ VA VAR ST P S P | T 2L L 1 T

- experiment. This involves consideration of the resources
A7 available for the experiment, determiration of the reievant and
E " impoctant aspects of the situation or technology to be investigated

ijfl in the experiment, risks associated with the quality of inference
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that will result from the experiment, and many other facets of

the experiment and situation. If too broad a scope is selected
(trying to cover too much territory), thke result may be an

inefficient experiment. FPor example, it is possible the desired
inferences cannot be made with reasonable confidence, so the con-
clusions then have iow credibility. The effects of factors,
relationships among variables, etc., may go undetected because
Gf the high error components in the observations {low signal wo
noise ratio). The cther extreme, too narrow a scope, is equally
inefficient. If a specific narrow detail is subjected to a very
large amount of experimentation, the result may be a very
definitive (and credible) conclusion which contributes littie

to general understanding or solves rothing of conseguence. The
population to which the inference applies may be sc small that
a definitive statement about the population may have littie
utility to the C2 community.

Cne approach which can be of value for the problem of
determination of appropriate scope is to undertake relatively
restricted experimentation at first, and to extend to more
ambitious scope gradually, as a firm basis is established for
the narrower scope. This constitutes “suboptimization,™ but
may be feasible in situations where nct enough is known to
reliably determine appropriate scope directly. The experiment
efficiency following this approach is traded away to gain

insurance that one does not "bite off more than he can chew."
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In any case, the scope of each experiment should be

deliberately, and cérefully, set. One should incorporate

P SRR TITIC THVE- X LE

aiternates in the experiment plam, when possible, so that scope

3
7
=

z

Y

can be downgraded or upgraded in response to results of early - j
trials of the experiment. ]
3. Credibility of Results

It will do little gco2 to run an experiment if no one

believes the results. Whether ve like it or not, an important

part of an experiment is “selling the results.™ Of course, the

best way to "seli™ is to have a good product which meets a demand

1078 2 b Tede 1a2 %P BT AABE AR LT

{(we discuss these aspects elsewhere).

PR

But the consumer must also
perceive the preduct is good arnd meets some of his needs.

Pt Atathed 2o

Thus,
it is important not only to "discover the truth,™ but to do so

in a way that others are compelled to the same conclusions.

ALK Lt

We mention this because there is a2 tendency for those familiar

e

with a device or technology to arrive at subjective opinions

about it, and to feel that there is little need for experimenta- :
ticn at a more formal level. We suggest that mere statements %
of opinions, possibly by individuals who have a "stake"™ in the i
2
project and who may be viewed by outside consumers of the 3
experimentation results as being biased, may fail to be credible E'%
R - to these consumers. Such opinions or "expert judgments®™ may i%
be guite accurate. 2An associated problem with such judgments . _E
b3
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is the difficulty of assessing the quality (socundness, basis,

W

confidence level) of such inferences.

E SOV

Subjective judaments can certainly be of value, indeed
) in scme situations they may be the only feasible measures to

make. t self-proclamation by a researcher th~at he knows the

NIV,

answer may not Le convincing to othesrs if it is not backed up

ewe—
e

with more formal experimentation.

Generaily, cred:inility of a conclusion depends not oxly
on the quality of the procedrre used to reach the conclusion, but _E
also on how the case is presented and how the conclusion coxpares '
with preccrception by the consumer. Generally, the highest

credibiiity is attained using a formal level of experimentation

.

with a definitive reporting technique, where the conclusion

reached is "what the consumer expected (or wanted) to hear.”

4. Determining What tc Measure

Often the nature of the system under investigation

deternmines. at ieast to a large extent, what can be measured during

the experiment. Roughly speaking, we are concerned here with

P

FIRLRMLE Caead®od Lo W L

determinaticr of what will he the dependent variables for the

experiment. Usually, the more formalized types of experiments

will involve mostly measurement of attributes through MOE's

{measures of effectiveness), while the less formalized experiments

ELESPIPT PR S S Sy

Lera

will depend more heavily on MOP's (measurements of performance),

hswoax
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< which may be numerically valued only in some limited cases. :
-i Often, the demcnstration experimenc will involve oaly subjective - §
;; opinions, and these may nct be even explicitly recorded. Rather, ;

et 14
i

the demcnstration may itself be the “"report"™ of the experiment;

L3

conclusions and inferences may be confined to the minds of those

who participate in the demonstration. Thus, while there are a

CE R rzesl sER HE.tas sl

= number of general properties ard qualities ore would like his

-

Y3 btk o

neasures to have, the plain fact is the situation under study

P,

often invoives constraints or difficulties which in effect

o onavet s

determine the measures to be used. We measure in an experiment

2

vy

that which can be measured ard that which seems reasonably related

kL

(perbaps through MOE’s) to the goals of the experiment. Thus,

FFE'N

in a C2 experiment we may measure things like times between :
certain events, error rates, f£lcw rates, backlogs, etc., even ’
though these measures may be oalvy indirectly related to real

operaticnal prcblems and guesticns. We believe it makes sense

to de this for various xeasons we shall Giscuss below, including

FRUFaN

development of baseline informaticn, calibration of the experi-
mental apparates and determining relationships between operational

stiributes cf a system and design specifications for the systen.

¥ el A 1 N e P«
T ke b aer

PEERE I Y Y WP L P I

It is oiften the case, therefore, that the formai measurements

e T

taken in an experiment seem only very remotely related to the

real, significant, cperationrnal problems related to the experiment.

L awk €

S But they shéuild be wmade, because they are relatively inexpensive,

SN syt P 1)

and they do have values for raasons such as those mentioned above. -
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In additicn, measures of a broader nature, including subjective
E judgments and assessment of utility should i= undertaken and
analyzed to the extent resources permit. We now pause to discuss

g - some general asvects of MCE's and utilities.

5. MOE's and Utilities

One of the mcst important tasks of the experimentaticn

2 AT ity ¥ o
AT, ! A i v

.-t‘,
PRSP,

planning phase is definition of data to bz gathered. Objectives

of experiments are freguently numerous, and to a varying extent,

Lk
L.
|

lr'm P

they ccorpete for experimentation resources and interact with one
ancther. If experimentation is to satisfy the objectives,
measures of effectiveness (dependent variables) must be developed

which can be reliably evaluated without prchibitive cost. These

B A xS < i e O

measures, either singly or in combination, provide measured

g e

results appropriate for use in satisfring the objectives.

F T T
G UCTAT B TA TR S0l iata

The factors (independent variables) and their levels,
such as technologies, scerariG conditions and subject types, to
be included in each trial must be selected so that the experiment
objectives are met within the experimentation resdurces. This
includes development of an experimertal design specifving the
combinations of factor ievels under which triais will be made.

The data volume (sample size, trial time, test Quration,
etc.) must be controlied so that enough data is obtained to meet

the test objectives, but wasteful "over-kili™ is avoided.
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Determination of sample size, for example, may depend upon

assessing anticipated variabiiity to be encountered in the

vérious measures of effectiveness under the various combinations

of factors included in the experimrental design, together with -
assessing how such variablility affects satisfaction of the

experiment objectives.

—ta

In order to =eet the ACCAT objective of technology
transfer for C2 systems, it is necessary ultimately to evaluate

candidate systems in terms of their utilities in the Fleet.

o

This requires judgments on the part of the "d=cision maker™ (DM)
concerring the anticipated pay-off (in his judgment) associated
with using each system. There are several ways we might imagine
this prccess taking place.

Idealistically, each candidate methcd or system (alterna-
tive) competing for selection for use in a given application area
can be thought of as associating a conseguence {cutcome) with
ezch scenario (state of nature). 1Ian turn, each conseguence nhas
a utility for the DM. Thus, one can view the alterpative
systems as being "prize functions™ which associate with each
possibie state cf nature a atility of the resulting consequence.
in order tc obtain his system utility for each alternative, |
the DM ccxputes its expected utility, where expectation is taken
with respect to the DM's subjective distribution of possible

(future) states of nature. If more than one DM is involved in

[ 3
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the decision coacerning which of the alternatives to choose,. -
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the ipdividual system utilities for each DM may be smoothed

- or averaged. Possible approaches to the latter include use of

. 3
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the Delpni Technique, scoring and averacing, and appeal to some

"expert™ or "aunthoritative®™ DM for final judgment (Reference 3).
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The role cf exrerimentation and measurement of MOE's
ir this process is to give information about each systez to
each DM. The information in the form cf measured values of
MOE's (or a statistical summary based on such values) should

be Invariant with respect to the DM. Scme MOE's are also in-

N

variant with respect to scenario, so the processes cf obtzining

| [
F T VP YR PLT W NS L GPrTae YL PR TORpry STt

l‘-v«l"‘ Fdacs b

expected utility and smoothing these over DM's is not necessary.

Tazets Ly

For MOE's which do depend on the scenario, care must be taken

to:

PR T TR L LT

a) Use a broad range of scerariss in the experiment so as to

,
T T
Al ,,v“\‘. ‘f’ e

?":* !{‘

provide the DM a basis for judging its contribation to, or
impact on, expected system utility, and
24 b} document the scenarios used and report measured MOE values

in the context of the scenarios under which they were cbhtained

Wbt ERE % AR T8 Sa codEadaite Aes BT
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{see Reference 4 for one approach to this problem).

2 6. Determining and Reporting the Qualitv of Infereaces

3 An important aspect of the more formal experiments is that,

if well designed and executed, estimates can be made of the cquality of

the inferences being reported. This guality may be in any of several

. forms, inciuding confidence levels, levels of significanceé ard.
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operating characteristics of statistical tests, or variances ;
or standard er:ors-af estimates. Such information is a valunable .
part of the report of experimental results; it can add significantly

to the credibility of conclusions based on the experimentation

results. PFor the less formal experimentation types, it is usually

not possible to make statistical statements regarding quality

cof inferences. In such cases, the credibiiity of inferences

may be low.

4B S s

7. Experimentation Plan

Questions concerning the nature c¢f ths experiment, its
goals, experimentatior units {subjects, eguipments, etc.) %o be
used, resources reguired, and procedures to be used in corducting
the experimentation trials should all be addressed in advance
of performing trials. Zxperience shows that resources expended
in experimentation olsnning usualiy more than pay for themselves
in increased efficiency cf the experiment.

For the more formalized types of experiments, the experi-
mentation pian can be broken into three distinct parts: the ;
experimental desigr, the sclhiedule of trials, and the analysis
plan. Clearly these psrts are interzelated. For esxampie, the

analysis procedure depends critically upon the design and ordex

L L L N N A L LT

of trials. The experimental design specifies the combinations . :

of factors tc be used for .the various trials ard the numbers of -

iz
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trials to be performed within each such "cell™ of the design
matrix. The schedule of trials specifies the order in which
trials required in the design matrix are actually conducted.

. Deveicpment of a design which is efficient, and which
leads to answers to relevant questions about the system under
test, is usually a difficult task. It cften reguires efforts
of a team of experiwzent planners, including statisticians,
engineers famiiiar with testbed software and hardware, managers
familiar with the test cycle, etc. Each experiment involves
individual design problems which are not in commcn with other
experiments. Thus, it is not reasonable to expect any "canned”
design, no matter how successful in a past experiment, to be
precisely relevant for use in another experiment. We therefore
limit car discussion in this report to general principles of
experimentatisn pianning which experienced persoannel ccnsider
in developing a design, schedule and analysis plan for a
particular experiment. Applicaticns of many of these principles

to ACCAT evaluaticns are referred to in Part II of this report.

8. Experimentation Plan Documentation

The proposed design and plan for conducting each
experiment, along with its objectives, reguirement of rescurces,
and anticipated results should be documented. This document

shorid serve as a “"blueprint™ for conducting the experiment,

i3
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as well as serve as a scurce of information fer individuals not
directly involved in experiment planning. Such a document,
suitably modified to reflect "evolution™ in the pian, can
serve as a foundation around which the final report of the
experiment results can be written.

It is helpful to both readers and writers of the
egperimentation plan to use a common format for all plan documents.

The following format is recommended.

Title of Experiment (or Series of Related Experiments)

EXECUTIVE SUMMARY
1. EXPERIMENT
a. Title (specific)
b. Xumber
2. OBJECTIVE
3. RESOURCES REQUIRED
4. GEHERAL CONTEXT
a. Concept and Need
b. General Situwation and Scenario
5. EVALUATION
a. Data Collectior (including what is to be measured)
b. Anticipated Statistical Analysis of Data
c. Anticipated Results
6. COMMENTS AND SPECIAL INSTRUCTIONS

7. APPENDICES (as appropriate)
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C. EXPERIMENTAL DESIGN

1. Use a Desicn Plan and Estabiished Design Principles

Making plans for efficient experiments requires proper
use of information related to the systems under teﬁt. This in-
cludes suchk factors as the anticipated variability in the measures
to be taken, and its impact upon design and sample size reguire-
ments. Advanced command ané control system concepts frequently
involve many objectives and attributes. Typicalily evaluations
of various attributes are not optimaliy achieved by any singie
test plan. Thus it is ofiten necessary to examine and analyze
trade-cffs among the "competing™ objectives as they relate to
experimentation procedures and measures, so that a r=asonable
compromise plan can be attained. The proposed conduct of experi-
mentation must be carefully develcped so that the procegdure is
both within the resources made availiable for experimentation
and within the design goals. Avoidance of unnecassary confound-
ing and attention to sound experimentation techniques so as to
produce credible results are among the rewards to be gained with

good test plans.

2. Use Common Features for Several Experiments

Frequently a series of experiments can be designed so

as to involve use of similar techniques., concepts, procedurss

and toocls. In such cases, it is obviouslv efficient to make

AR RAROMERY (o AU KK T BRI R RSAAN R A,
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repeated use of these comron features, since cost of development

can be spread among-the experiments. An example of tais is

develorment of experimentation technology for use in several

experiments. This technclogy might involve develiopment of -
tirers to measure and record times elapsed between "milestone

events,™ a questionnaire analysis procedure, and scenarios for

use in conducting trials. With planning, experimentation

technology can be developed so as to serve in more than one

[P

experiment.

3. Getting Data for Several Objectives in One Experiment

il

X,

It is sometimes possible to get information about several

s
A

aspects of a process or technology at the same time (within the

3
=
53
=
e
hs
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same trial); where possible, this can be an efficient way to

AT

ke

preceed. Some examples of this are:

a) ©Use "debugging™ activities to get some formal measures on

'S"‘x" "

4

Y

related variables, such as subject variation and prccess
times.
b) Use subject "warm up® or indoctrination period to measure

training and learning variables, and vice versa.

-
s

c) Assess data base reliability (or quality) whiie debugging
the data base.

L]
ren

d) Use 2 procedure that measures the decision maker/operator

© W gt

interface variables, while aiso measuring operator/computer

.
'
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system variables.
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4. Use a Sequential Approcach ’ f
Often there is not a good basis avaiiable for selecting
appropriate levels of factors prior to corducting trials ix the

experiment. In such cases, it mav be useful to conduct testing

YO TR T O BT W At e
] L]
»

segquentially, where experience and information from early trials

o
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can he used to help design later phases of the experiment.

1 dars

Care must be taken tc plan this approcach properly, so results

U

from the various phases can be merged in the znalysis phase.

L)

s

Fregquently this approach consists of only two phases--a pilot

et S e G Lt )
s 4
W

3

vhase and a "record trial™ phase. Data from the pilot phase is

.
b

used to calibrate the experimentation set-up, and to z2Ilow

i

modifications in Ievels of factors and design, if necessaxy.

oy
h

Because of its importance, we discuss the idea of pilct trials

8 e rf fi P sega
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in general terms in the following paragraph.
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5. Use Pilot Trials :

In many experiments, we wish to determine if there are
differences in a subject's. performance under changes in various :

levels of experimental factors such as color combinaticen, target

IETATCTSRNEIS RN IS

presentation method, data guery method, etc. It is likely that

A

the impact of changing one or more of these factors, in terms: -

™
@ tn e

ot of what is measured, depends on the difficuity-of the subject's

”

5‘4 processing task. Thus, our ability to discriniﬁaie between

os Feaa

levels of the measured values depends on the diiiicglgy of the

s G

information processing tasks. If the tasks are too easy, the
17
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H measures of effectiveness will be too high underall éxperimental
i . :

corditicns and no discrimination will be possible. On the other

a hand, if the tasks are too difficult, the measures of effective-
‘ ness will be very poor under all conditions, and again little T

informaticn about the effects of the experimentation factors

is gained.

A typical plot of discrimination {say, measurable

:f difference in performance over changing levels of the factors,
\" .

= measured in signal-to-noise units) of a given MOE might be as

shown in Figure 1 below, where processing content might be

measured in bits per second, for exampie.

4 .
§
@ i
9 i Subject’s Response Curve
g
5 | v |
0 i :
Lo B
] )
e i :
! ;
[ :
1 N
i £xpexrimentation 3
| Thresholds i
' -
I t :
:
: Processing Coatent>————P= N
FIGGRE 1.

Best discrimination between eifects of changing experi-=
mantation factors ("processing content®) is achieved i
at midrange of processing d:.ffz.éulty where perfcrmance ‘
level (as measured by MOE's) is relatively sensitive to

such changes. "Experimentaticn outside the “thresholds®™ -
would require large expenditures of resources to

establish the significance of differences in factors.
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The experiment will yield relatively little information
about effects of changing levels of the factors if the trials
are conducted outside the threshold region stown above. For
many experiments, we have at our disposal controls on processing
content. We may not have a very good idea, nowever, at design
time, of the levels of these controls thai would provide trials
w@thin the threshold region. In such a case, we would recommend
»pilot™® trials be coniucted (with typical subjects, if possible)
in a trial and error mode to search for the thresheld region.
For example, in the record trials (as distinguished from the
pilot trials) we might wish to hold fixed one of the processing
content controls, say difficulty of the task. With a proper
choice for this control, the other control, say "situation,”
is o be varied cver levels which should cover the threshold
region for some measured response variable (MCE). The pilot
trials would allow appropriate choices for tnese cortrols. If,
for example, the situation is controlled through selection of
scenario "slides" to be displayed, it follows that the pilot
trials should be undertaken as early as possible: in any case
they must be completed before construction of the slides to
be used in the record trials.

The concept of relating processing content to
discrimination .level through an operator's response curve has
potential for use in various experiments. It is of interest for

the C2 application to determine how wide the threshoid of

19
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discrimination is, in terms of the range of command control

situations actually.encduntered in practice. For example a very

[P T TRV TTT LI R

narrow thréshold, which falis well off the level encountered in

a crisis situation, might imply “it doesn't matter™ what level -
one uses. The variation in shape and location of response

curves between subjects is also of interest. For example, very

large differences in theshold location for different subjects

el AN P A R

might suggest there is not high operational value in attempting

to select a "best™ control corbination.

[ G
e i

6. Set Experimentaticn Priorities

It is importart to allocate resources in an experiment

S T o LT 2t kil erati

at levels that are commensurate with the importance of the

information anticipated to come out of the experiment. Thus, a

G T e R T DT

high valued objective for which there is reasonable expectation

of getting useful results throuch experimentation might be

p L R R

allocated priority over an experiment for which the objective
is not of great importance, or for which there is highk risk
that useful informatior will not be prcvided by the experiment.
Experimentation prioritizatior depends not cnly upon
experiment objectives and risks but aiso upon experimental :
design and analysis requirements. In many experimental designs, §
the efficiency of the experiment and the adeguacy of analysis

of resulting data may be seriously affected by omissioa of ;
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certain triais, but much less seriously affected by omission of

others. For examplé, in a factorial design with anaiysis of

variance, having certain cells empty may rerder important
- parameters nonestimable. In such cases it might be possible to
forego replication in certain Other cells in crder to devote

test time and effort to obtairing at least one observatican in

the critical celils.

If, due to testbed availability restrictions, for
example, it becomes necessary to discontinue experimentation
ahead of plan, clearly any remaining triais shouid be carried
out so as to first provide answers to the most important objectives.

- On the other hand, it may become evident, as experimentation
proceeds, that conclusions with the required degree of confidence
can be made before ali cf the planned irials are completed. In
such cases, where testbed time can be used more effectively

in other weays, experimentation plans shculd call for alternative

use of experimeptation effort.

Certain general principles cf experimental dasign apply
to the problem of experimentation priOritization, including:

a) Testing at extreme conditions first, in order to Getersmine
whether trials under intermediate conditions are likely te
be informative.

b) Concducting "base line"™ trials with known systems .r subsystems
might be de-emphasized (but not eliminated) if necessary.

In scme cases, credibility of the experiment results reguires

21
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some base line trials to validate the experimentation set-up
and to certify its calibration for comparisons with other
sources of data.
c) Seguential testinc is known to minimize expected nple sizes -
in some cases. This could provide a basis for prioritization.
Heeting scheduling requirements and responding to changing avail-
ability conditions should create, but suggest some fiexibility inm,

planned experiment priorities.

7. Determine Experiment Resource Availability

The impact of experiment resource noravailability can be
reduced. Obviously, availability of techmologies, egquiprents,
subjects and testbed facilities is a rajor constraint tkhat must
be satisfied in conducting experiments. Thus, obtaining estimates
of pericds of availability, both directly for experimentation
purposes, and remotely through conducting limited nonscheduled
trials concurrently with other primary use of the rescurces,
is of Great importance.

Experimentation may not always proceed as planned {due
to conflicts, personnel changes, eguipment failure, etc.), however,
careful scheduling of experimentation resources, together with
planned aiternatives with perhaps reduced configurations may

make it possible to obtain useful data, sven in "down-times.™
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It is essential that realistic est .ates of time requirements
be made. If these estimates are inconsistent with anticipated
availability of resources, the experimei.t objectives should be
revised. In some cases, if such revision is not reasonable, a
"no—go™ decision may be appropriate.

In some cases where experiment resource availability

and test time reguirements cannot be adequately determined for
planning purposes, it may be possible to perform a modest
preliminary program with one aim being assessment of these

quantities.

8. Define the Experimentation Level, Scope and Duration
of Experiment

The scope and duration regquired is a function of experiment

objectives and constraints on resources. Experiment planning

includes determining an initial set of objectives and searching !

X
E
5.
3
-
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. for ways to meet these objectives. Frequently, the initial set
proves too optimistic in that they cannot be met with the

resources available. Ccnseguently the process may involve re-

T PP P

evaluation of objectives to a more feasible (modest) set, with
search for the best ways of accomplishment. The scope £nd
duration of experimentation is often a result of compromise
between excessive objectives and insufficient resources to

=eet then.
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The scope, duration and level of experimentation must be
of sufficient size to include a range of conditions and sample
sizes adeguate to (1) prcvide reasonabie statistical confidence
level, (2) give the experiment results credibility, (3) give
a useful range of applicability of results, and (4) provide a
basis for prediction of system performance and features over

conditions other than those specifically included in the

experiment.
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9. Ccordinate Testbed and Scientific Community Efforts in

Planning and Coanducting Experiments

System and subsystem designers and operators and

bt b et W oo

members of the scientific corm=munity can provide infor=ation
valuable in the development of experiment plans, as well as
assist through involvement in experiment implermentation, data

collection, and interpretation of analysis results. Merxbers

At b s gl el 4 e oo

of the scientifié cozmmunity associated with the systeam or sub-
systems under investigation may possess information or knowledge
of the systems useful in planning the experiments. For example,
they may possess information about systen reliabiiity and
appropriate measures of effectiveness and their variability.

In addition such individuals may be involved, either directly

or indirectly, with the systems while they are undergoing

s b deats

experimentation. For such reasons, ciose ccordination among .

YN
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these communities should be maintained throughout the periods

of planning, conduct, analysis and reporting.

System coperators and other personnel associated with
the systems under test may have accumulated valuable experience
with certain aspects of the systems. In addition, it is possible
sce of these people will be present during experimentation,
possibly even as experimentation subjects or operators in some
cases. Again, the advantages of close coordination are evident.
Trials may, at least in part, take place in conjuncticn with
other system activities ian which members of the scientific
community may be involved. For example, some system testing may
be planned as only part of overall exercises and evaluation in
which contractor and scientific personnel must be on board.

Pinally, since systems under examinaticn may be state-of-
the-art, knowledge of selected experts is valuable in planning

and conducting tests.

10. Make On~Site Trial/Exercise Evaluations

An important step in any experiment procedure is to
conduct on-site evaluations of the procedure and perform preliminary
data reduction and analysis. On-site evaluation of experimentation,

as it is conducted, performed by experienced test personnel, is

necessary to validate trials and to verify conditions of the

experiment design are being met.
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An important result of "real time™ evaluation of

[P Ao

experimentation, on an on-going basis, is the verification that

VTR

the procedure is in control--that is, that instrumentation is up,
players are properly orierted, subsystems are operating, factors -

are at proper ievels, etc. Or-site evaluation is needed for

making decisions about conducting trials with systems in reduced

configuration, making changes in the experimental design, orx

e e

changing prioritization.

- o
P

Information obtained from on-site trial/exercise >
evaluation, kased orn in-depth discussions with operator personnel,

test persornel and members of the scientific community, may be of

critical value in assessing results of the experiment. Such

information may fcrm an important part of the data collected.

11. Compare Test Performance with Anticipated Values

The extent and manner in which actual experiment data
differs frem anticipated or predicted values impacts upon the
experiment's credibility and adegquacy, and it impacts on design :
of subsequexnt experiments. In cases where observed experimentation -
data are not sigrificantly different from predicted values, it
may ke desirable to reduce sample sizes in certain cells of

the design and to allocate experimentation effort over a wider

range of conditions, depending upon the basis of the predictions.
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In such situations, the credibility of experiment results may
be relatively easy tc establish and esxtrapolation to test ;
conditions other than those originally plarned may be possibie.

- In cases of substantiail disagreement between observed

WALTEILTTIPRYPIPIYTRA T 5 proguareyy

experiment values and predicted values, more intense experimenta- P
tion in s few ceils may be necessary to reduce variance to a ‘E
point where little doubt of the significance of the differeace -
remains. Investigation of the possible scurces of the dis-~
agreement is desirable; otherwise; credibility of the experiment
results may be in jeopardy, and extraprolation of results may

be untenable.

BDesign of subsegquent experiments should take into account
experiences in previous related trials. Artificialities in the
experiment procedure and in the system under investigation
should be assessed and compensated for, or at least accounted

for.

12. Schedule Trials

"Proper™ scheduling of trials is important to reduce

[RY PPN

effects of unknown and possibly unforeseen factors that might

otherwise become confounded with the experimentation factors of

interest. For example, one freguently encounters a "time effect"™

I, N
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in experiments wherein effects such as motivation of personnel,

PR S

learning by operators, long-term seasonal effects (weather,

PIIm]
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visibiiaty, day length, etc.) and gradual upgradinc of systems :
involved, may jinfluence effectiveness measures in the experiment.
If there is no difficulty in doing so, a generally accepted :

method of scheduling trials is to select trials in random order. -

R T TR VTP 1Y

Obviously, this may be prohibitively expensive or otherwise
infeasible in some experiments. Thus we may be forced to E
compromise away from the "completely randomized®™ schedule. In
such cases, it seems reasonable to conduct as many trials as

possible with each given experimentation set-up. EHowever, withir

e o B SR e < e
AF €1 M k4

a set ap, it is desirable to select the order of the trials at
random, to the extent possible. Thus, for example, within a
technology tyre, the design might call for a dozen trials, one

for eack combination of two scenarios Xx three subjects = two digplay
devices. We might plan to run these 12 trials within one period

in which the technclogy is “"up.®™ k~wever. the order of execution

B

>

e
¥
»
H

might be selected using a table of random numbers. The 12 trials

By

would be conducted in the order in which their codes were drawn

AL ey

from the random number table. Por example, if it is not feasikle
to change scenarios freguently during a technology up period,
plan to run all of the trials of one scerario first. Then

randcmize the order of subjects and displays (6 trials) for

R

each of the scenarios, as discussed above.

The randomization should be carried out formally for

I FURY BT

. et

each cell {technolegy or technology/scenario combination in the

o hdibas

preceding exampié) in each experiment. Once a design has been

[ T

o0
N N L




S R IS5 WS i~ ot A 21 o it o <2 - ~ L - -
A AN - - " 2 Il A et N e S S N TR St e o ol g e | e D R o 57 - A " - "
- i iR I T . - '5":‘ T TR R TR et e A s e R N St
- B v ER
- vt - <

selected, the trial schedule can ke developed in advance of
actual experimentation. If extra trials become available with
a technology, they shculd be run, replicating some earlier

trial conditions or filling in combirations not previcusly run.

D._EXPERI!:NTATIGE GOALS

We have discussed the importance of setting experimentatioa
goals as part of the planning seguence. In what follows, we give
an outline of several types of goals that may He involved in

riments.
1. Comparison
We may wish to determine which of the several alternatives

is "best™ in some sense.

2. Establishing a Base Line

Experimentation may be undeztaken to document the attributes
of some standard technology, or of a technology currently in use.
This will provide a standard context in which to judge relatec
new technologies, as well as to allow calibration of new experi-

mentation set-ups.
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3. Establishing Feasibility

It ray be desired merely to demonstrate that a concept or

projected procedure or newly developed technology can work.

4. Determining Specifications

) One difficulty in coaducting experiments with emerging
technology is that there are no specifications to "test against.”
As mentioned above, in addition to its technolcegy transfer
objectives, ACCAT has the obiective of establishing specifications
for use in continuing development of the technologies under
investigation. In order to determine specifications for a systenm,
it is desirable to relate measured attributes of the system to
cperational characteristics of the system. This implies that
neasurements must be made of technical quantities, at an engineer-
ing level, concurreantly with observaticons of simulated (and,
where possible, actual) operational characteristics of the
systems under investigation. In many cases, measurenent of the
technical quantities will reguire that “probe points™ are designed
into the system when it is devgloped. For example, measurerment
of flow rates and cycle times within a software package requires
that provision for coanters ard timers be present in the software,
or at least that such devices can be hooked to the software at

desired points. It follows that success in specification

deterzination reguires that techrnclogy developers/contractors make
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measuring devices, or accommodations for them, 2—ailable as

part of the technology package.

-

5. ©Demonstrations

Demonstrations may be considered to be a combination
of ilow level experiment and report of results. The object may
range from demonstrating feasibility cof a concept to conveying

information to those involved in the Zemonstration.

6. PEvaluation of Effects of Factors

It may be desired to know whether certain factors have
a significant effect on measures of effectiveness, and if so,

how the effects are characterized.

7. Removing Effects of Factors

Some factors are not of interest in themselves, but have -

potential for influencing measurements in an experiment. Such

factors are sometimes referred to as "nuisance effects.™ It

is desirable to measure values of nuisance effects so that in

the data analysis process the effects can be accounted for and

removed from the effects of interest. Failure to make measure-

ments on nuisance variables can mear their effects add to the

apparent noise level in the experiment, making significance:-of
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factors of interest in the experiment neediessly low. For

example, we might ﬁeasure typing ability of a subject in an - :
experiment involving query systems, not because we are interested :
in typing effects per se, but bkecause we believe different

subjects may have different typing skills, and this may affect

the values measured on the variables of interest.

(U

8. Assessment of Utility

In our discussion of MOE's and their role in the decision
making task, we referred to utilities of consequences which, when
averaged over scenarios and smoothed over decision makers, gave
utilities of technologies. It may be possible to nmumerically
evaluate utilities of some of the technolecgies under investi-
gation, following this scheme. There has been a considerable
amount of research on this subject reported in the technical
journals ir recent years. It appears wecrithwhile to devote some
resources to examining the feasibility of utility assessment

- in the ACCAT context.

E. HANDLING DATA
It is important to plar data handling in advance of

experimentation. The nature of the data, the volume of data to

YR YIRS

be obtained and anticipated analysis approaches are facets of .

- data handling that must be considered. Questions concerning
N 32
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use of computers in data reduction and analysis impact on tke
form in which data are to be stored. Failure to store data in
suitable form may render it practically useless, even though
considerable expense and manpower were expended in gathering
"good®™ data. For example, data stored in hard copy form is
extrermely difficult to convert tomachine readabie form, even if
there is only a modest volume cf data. For large volumes, it
be;omes infeasible to convert hard copy to machine readable
form. The old adage "an ounce of preveation is worth a pound

of cure™ is certainly approgpriate for this facet of experimenta-

o
\

tion planning.
Selection of procedures for data gathering resulting

from experimentation depends on nany factors, inciuding the
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anticipated nature of the data, the volume of the data, operational

TAMER

ot oy

considerations, soundness from an experimental design point of
view, reliability and cost.

The nature and volume of data to be obtained in
planned tests can vary greatly. Fcr example, simulated tracking
of an aircraft may generate large quantities of instrumentation
data measured and recorded “automaticzlly,” whereas determining
an operators® opinion about a piece of equipment may involve
questionnaire data in relatively small amounts in some cases %

recorded "by hand.™ Security and safety considerations may

LY SENCTRe

impact upon data collection and test conduct. For example,

safety considerations might require development of data froam
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sirmlated laser application rather than actuzl use of a laser

in the experiment. -
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Reliability and cost of experimentation system hardware
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and software may impact upon data collecticn and trial conduct. .
For example, if a laser tracking device planned for use in tke

test proves to ke unreliable, it may become necessary to use

different hardware or even a different test concept.

In order to properly plan to accomrodate and handle data

produced in an experiment, a number of aspects must be kept

B it b A, W ko 44
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; in mind, ircluding:
f ;? i) automation in recording, handling ard analysis
1§ ii) storage method
E iii) storage forme. and idestification
;f iv) anticipated analysis preccedure
' ' v) schedule of experiment, including planning, execaticn,
,é analysis and reporting phases.

These aspects should be addressed and documented in the experi-

mertation plan,

PR

F. ANALYSIS OF RESULTS

1. Analysis :
Prcper analysis of the experimentation resuits is necessary :

/78R SRR A ST

to meet the experiment cbjectives as well as gain insight into

ir
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the behavior of the systems under examination (for example, Sl
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examinaticn of interactions ameng factcers inCiuded in the

; triais). Sele:tioﬁ of analysis proceGures approprizte for use
with test results dapends nct only upza the planned <xperirentail

- design, bat also upon possibly unforeseen aspecis cf the trials
and the data ‘hemselves. Occasionaliy unique 2nalysis

techniques must b deveicped to meet the experimant cziective

with taoe data obtalaed.

while the analysis plan shculé@ be an integrzl part oif

experimental da2sigr, analyses actiuallv paxformed depend isc

vpon the nature of *he datz obtained, and tha circsumstances

et e

urder which they are coilect«d. Arn anairsis plaxw sheuid be

develuped alemg with other aspects 0f the exzperimenial &€as5ign.
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The experimental design should be seiected wizh proposed
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analysis prcceduras, as vel. a:s experiment abjuctiives and

resouzce constraints in miad. Fregzenilv a major poriicon of

Mith ¥

| the plénned analysez are parametric arnaivsex of Jdara obtained
on the measures of effectivzrness. Dor examvle. rmultipie
recression and analysis cf variance may e planned for use with
subject performance-time Jdata. As a reosult of unfo-eseen

difficulties in following the experimentation pian, or

[PYUNEN

unanticipated responses or behavior in the measuces taXen, the
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planned analyses may be inappropriate for the data actmally
obtained. For example, limitation of times allowed for

completion of a certain task produces truncated data for whtickh

4

standard parametric procedures may be inappropriate.
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Assassnent of the tenabilitv of assumptions regquired

Ior propssed analysesv is an essential part of the analysis
procedure. Speacial analysis procedures diiferent from, or
in addition to, those planned may be required due to the afore- -
«>ntioned circumstances. For example, nonparametric analyses
may be reguirea if the parametric assumptioas appear incompatibl
with the data cbtaiued. ;
Development of special analysis procedires may require re- :
search of the statistical literature, generation of new ’
petnidsicegy, or adaptation of standaré analysis procedures
to the given experirent situation. For example, a transformation
of observed "time to completion”™ data mayv ke z--guired to
stabilize variance so analysis of variaace may be applied.
It is important tc plax and coaduct analyses at a
level appropriate for accoaplishing the cbjectives of the
erperiment {(within resource constraints, as always). It makes
iittle sense o perforr a leagihy, involved, time consumiag
analysis with dyta that are "pcor"™ or were obtained with a

z 3 - F ¢ > s i md- ) 3 & e e B - memonde T e mde D
log-priority {paszing intersst) experiment. In sach situatioss,

a *cuick and dirty” anaiysis, rerl:aps concsisting orly of

P TN

cdeveiopment G£ summary statistics, may suffice. By the sanme
token, 1t is not efficient 5 allocate resources for only a
low iavel analysis with an experiment of high interest for

é
1
3
which aocS datx were obtained with extensive experimentation ) l
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effort. Planners of experiments should be aware that gcod
analysis takes time and effort, and to shortcut this process

may uvnnecessarily degrade the experixentation results.

2. Documentation.

Documentation of experimentation results, in the form
of reports, records and data sets, should be provided at wvarious
stages of the experirentation prccedure.

An important part of the experimentation plan is the
establishment of documentation reguirements. Kormally,
documentation for ez ‘h phase of an experimentation seguence
is provided upon completion of the phase. Time reguirements
for each report should be planned well in advance.

Determination of who is responsible for each report,
or portion thereof, with appropriate monirorirg and control,
is izportant. Freguently, ccoperatior of experirmentation
personnel, analysts, menbers of the scientific community and
contractors is reguired for preparation of accurate, timely
documentation and reports.

A standard format for the final report is desirable.

As mentioned previously, the experimentation plan document
can serve as the framework around which the f£inal repcrt can

be written.
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G. CONCLUSIONS .
Good experimentation requires careful planning by
pversonnel familiar with the systems under investigation and

the principles of experimental design. There are many, -

R} R

soxetimes competing, experimental design goals. There is a

o gt
AR LN

iarge nurber of comsiderations which must be dealt with in

*
o

the design plan. ¥While there may be various general aspects

of different experiments which are held in common, there are
virtually always signficant differences as well. It is thus
unreascnable to expect a "cook-bock™ approach to experimenta-
tion to be successful. Rather, it is efficient to expend a
portion of the total resources availabie on development of
an experimentation plan tailored to each specific experiment.
Similarly, the analysis of results fim the experiment wiil
usually regquire special (i.e., nonroutine) effcrt, for wkich
resources should be programmed.

In this report, we have discussed a aumber of consicer-
ations which should be included ir the prccess of design,
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H. GLOSSARY OF STATISTICAL TERMS USED IN THIS REPORT
{Note: more complete glossaries are giver in References

5 and 6.)

1. Analysis of Variance—3 statistical analysis procedure used

cMesid Y
i PO
ks Hit 2

2.5 Wi,

- to test whether changing values of certain input parameters
. or conditions have significant effect on the output mean ;
value.
2. Cell—A specific combination of input parameter values and
¢
% experimentation conditions, uncder which one or more output

values are to be observed.

3. Confidence level--A statistical tolerance valwe indicating

.
OO o Y
LAl e S ARl 4

the rate of making true conclusions concerning unknown

varsmeters.

.
Etui u({';ﬂ?:

4. <anfounding——A situation in which the individual effects

of two or more poteantial sources of change in output values

carnot be distingrished.

5. Discriminstion—The prccess of determining separate individuai

S sources of observed effects or of separating potential sources
of such effects iato groups which share some common
i . characteristics.
} 39 :
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6. Estimable--The ability to determire, through analyses of
the experimentation data, the contribution of a source or )

parameter to the output mean.

7. Pactorial Design—-An experimentation arrangement in which
several parameters or sources cof effects are varied, such
that each source level or parameter value occurs with all

combinaticns of the other levels cor values.

8. PFactors—-Parameters or possible sources of effects on the

output variables.

R e S e Pt E a2 2 £y 2 e

9. Inference--The process cf drawing conciusioas about a systen,

i3

:
3
s
9
A
H
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often based on analysis of data oblained from the system

under specified conditicns.

ATLOR § 1T

e TF

10. Ievel of Sicnificance--The type one error rate (e¢) in a

R e

statistical test of hypotheses at which the cbserved test

gy i

value would just lead to rejection.

T e vy s

11. Multiple Regression—2A statistical procedure of fitting a

linear function of several independent variables to observed

dependent variable data.
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12. Nonpararetric Analysis-—-Statistical analysis in which oaly
weak assumptions about the theoretical distribution of
the dependent variablies are made.

13.

Parametric Analysis--Statistical analysis in which a

specific distribution form is assumed to hold.

14. Replication—-A subseguent value or set of values of the
dependent variable obtained under the same conditions as
£ previous values or sets of values.
5
?;
15. Trials—Portions of an experiment.
= 16.

Variance--A measure of the dispersionr of a statistical

distribution.

*
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